INTRODUCTION
Of the electromagnetic sensors currently under investigation for nondestructive evaluation (NDE), the superconducting quantum interference device (SQUID) arguably has the greatest potential. The characteristics [1] which make it suitable for eddy current NDE are: high sensitivity even in !arge ambient fields (detection of sub-nT signals); operation from very low frequencies (a few Hz or less) to very high frequencies (potentially MHz) permitting detection of surface and subsurface flaws; and high spatial resolution. Spatial resolution is related to the physical size of the device, which is often less than 1 mm square, even when the need to maintain its other properties is taken into account. This often allows the SQUID to be treated theoretically and practically as an ideal point sensor. However, it must be operated in a cryogenic environment: low temperature superconductor (LTS) SQUIDs need liquid helium and liquid nitrogen (LN 2 ) is needed even for high temperature superconductor (HTS) SQUIDs. This makes it difficult to reduce the specimen-to-sensor stand-off below approximately 1 mm.
Measuring sub-nT signals in an unshielded environment requires some method to reduce the effects of mains interference (50 or 60 Hz and its odd harmonics) and the effect of the Earth's DC field which is typically 50 JlT. The latter is dealt with mainly by the property of the SQUID that its voltage output is periodic in terms of flux input; this means that the Earth's field affects the operating point of the SQUID, but not its small signal response. Gradiometry is the technique which allows us to distinguish between spatially varying fields from local sources and uniform fields from distant sources.
LTS fabrication technology now allows gradiometric SQUIDs and pick-up coils tobe integrated on the same substrate [2] as opposed to the conventional use of wire wound pickup coils (3] . While no suitable HTS wire exists and there are still difficulties with multilayer HTS fabrication for integrated devices, electronic gradiometry [4, 5] is seen asthebest HTS technique, involving the electronic differencing of signals from two or more individual SQUIDs.
Recent HTS SQUID NDE work at Strathclyde has been concentrated mainly on systems performance and the detection of simulated flaws [6] while work with LTS devices has been reported mainly in connection with biomagnetic measurements made inside electromagnetic shielding [7] . In this paper we report on progress towards more realistic applications with both LTS and HTS systems. A fully integrated LTS gradiometer has been Operated in a normallaboratory environment with the minimum amount of shielding, and HTS SQUIDs have been operated moving without shielding through environmental fields while making measurements above stationary calibration sources and aluminum specimens.
PROGRESS IN LTS INTEGRATED SQUID GRADIOMETRY
Until recently, LTS gradiometers were almost always fabricated from wire loops wound around a formersuch as quartz with a low thermal expansion coefficient [3] . Such gradiometers suffer from poor intrinsic balance (causing them to remain significantly sensitive to fields they have been designed to reject) because it is difficult to wind coils sufficiently accurately. Methods of mechanical balancing are possible, but these are time consuming to set up and unsuitable for simple, inexpensive operation. However, progress in multilayer niobium (Nb) thin films and photolithographic technology [8] has recently enabled fabrication ofthin film integrated SQUID gradiometers designed specifically for NDE on 2inch silicon wafers.
Our present NDE mask design allows fabrication of six integrated devices on a single wafer which is diced after fabrication to separate the individual devices. By fabricating gradiometers in this way, their intrinsic balance is improved since the process is estimated to be accurate to less than lf.Lm over coil dimensions of at least a few mm. Wehave recently changed the method of gradiometer fabrication as shown in Figure I so that most of the gradiometer lies in the first Nb layer, further improving the balance for a given misalignment between the first and second Nb layers.
Although itself designed as a two-loop gradiometer, the Iayout of the SQUID presently integrated with our gradiometers is not perfectly symmetric, and we estimate that it acts as a magnetometer of area 711m 2 . As a result, the SQUID couples flux from fields that the to SQUID to specimen gradiometer rejects and so imbalances the gradiometer. The SQUID design is therefore being modified at the present time. However, even a perfectly symmetric SQUID will have an effect on the gradiometer, since it will still act as a small magnetic anomaly. This has been modelled as the gradiometer's response to a magnetic dipole at the SQUID position. In anticipation of the new SQUID design, gradiometers have been investigated which have no response to magnetic dipoles at a certain point in space. These designs feature the asymmetric arrangement of the insulated crossovers shown in Figure I .
A gradiometer of orderN can have any number, m, of crossovers provided m ~ N. The criterion for an !fh order gradiometer is that it rejects all terrns of the Taylor expansion of magnetic field up to and including the !fh -1 term. In practice, this means that, for example, a secend order gradiometer is insensitive to uniform and linearly varying fields to a degree defined by its imbalance. The minimum solution [9] to the mathematical restrictions this imposes yields gradiometers that are symmetric about their mid-points, with the same number of crossovers as the gradiometer order (i.e. m = N). Additional crossovers can result in asymmetric gradiometers [10] that have interesting and potentially useful features in their spatial responses to simple sources. Figure 2 shows the responses of a symmetric and an asymmetric gradiometer to a magnetic dipole (chosen as a source for comparison of gradiometers) and the inset illustrates the important features of the response of the asymmetric gradiometer. The NDE gradiometers used in our work are 20 mm long and 3 mm wide. For a given length of gradiometer, the asymmetric features can be moved over a restricted range by changing the position of the crossovers. In addition, the smaller the gradiometer, the closer these features are to its ends. Figure 2 shows the response of a gradiometer with these features at both ends: at one end, the SQUID may be positioned at the null and at the other, the local amplitude maximum may be used to probe preferentially a certain depth below the surface of a specimen.
We have recently demonstrated asymmetric behaviour experimentally, to our knowledge for the firsttime [ 11 ] . Furtherrnore, an asymmetric gradiometer has been used to make preliminary NDE measurements. However, in this case, reported here, our main concern was to demonstrate operation of the gradiometer in an unshielded environment and in a small cryostat capable of field deployment, as part of our long term aim to make SQUID NDE a practical process. The gradiometer was operated as the sensor in an eddy current test using as the source a 4-turn, 4.5 mm diameter spiral copper coil etched onto a printed circuit board. A 70 Hz, 550 mA rms current was applied to the coil; the skin depth of the aluminum is 14.1 mm at this frequency. The coil was positioned 1 mm above the specimen and 24 mm below the bottom of the gradiometer. Figure 3 shows the result of scanning a multilayer specimen comprising a 13 mm thick plate of Al7075-T651 aircraft grade aluminum with artificial flaws 0.15 mm wide and 6.5 and 3 mm deep cut into its top surface, covered by a sheet of paper approximately 0.1 mm thick and an additional 3 mm layer of aluminum. The flaws were cut using a 45 mm diameter slitting saw to simulate fatigue cracks -the inset in Figure  5 shows the lower plate. Using equipment reported elsewhere [6] , a 2D scan was carried out above the shallow slit only.
The image and 1D profile along the length of the 3 mm deep flaw in Figure 3 show clearly the potential of SQUID NDE to perform detection of deep flaws in multilayer structures. However, there are still problems, such as the dark spots in Figure 3 which are a symptom of SQUID sensitivity to RF-burst interference, for example from electrical switching. In addition, important features of the gradiometers must still be demonstrated, such as the application of asymmetry, for example using an array of sensors to probe different depths beneath the surface of a specimen.
HTS SQUID ELECTRONIC GRADIOMETRY
The main emphasis of recent research into HTS SQUID NDE at Strathclyde and elsewhere has been to advance it towards realistic applications. Here, we therefore report tests we have carried out to demoostrate how a system can cope with flaw mapping by moving SQUIDs in an unshielded environment above stationary samples. lt must be bome in mind that the vast majority of previous results using both HTS and the more stable LTS systems have been obtained by keeping the sensors still and moving specimens beneath them. The difference must also be appreciated between highly sensitive SQUIDs and the types of sensor, such as the Hall probe or normal pick-up coil, conventionally used in electromagnetic NDE which are insensitive to fields of the amplitude of typical environmental interference.
Characterization of Moving SQIJIDs
Wehave shown elsewhere [12] that a simple technique for characterizing the output transfer function of a SQUID system in terms of V /f.!T is to map the field of a wire carrying an ac or dc signal. This is also an ideal test of a moving SQUID system because a single line scan provides all the necessary data, the signal to noise ratio (SNR) can be controlled by varying the signal amplitude, and the field produced can be simply modeled.
At a practicallevel, changes required to our existing scanning system to allow movement of the cryostat were minimal, and we used the first-order electronic gradiometer described elsewhere [5] for all the tests. Here, we show one typical result, in Figure 4 . The total stand-off between the SQUIDs and the wire was 15 mm and the scanning velocity was 3 mm s-1 , a reduction from the typical 10 mm s· 1 at which specimens are usually scanned because of possible movement of LN 2 in our unbaffled cryostat. A 4.3 mA rms ac signal at 270 Hz was passed through the wire to obtain the response shown in Figure 4 , which clearly corresponds quite weil with the theoretical result also shown.
Most importantly, the SNR has not been adversely affected by the motion of the SQUIDs. However, this is not unexpected since movement in a short, straight line horizontally is still a somewhat idealised scenario and environmental fields from distant sources are unlikely to change significantly in that space. Furthertests causing the SQUIDs to follow curved paths resulted in significant disturbance of the small signal performance of the system.
Detectjon ofFJaws by Moyjog SQlJIDs
The previous positive result for the firsttime verified the possibility of moving HTS SQUIDs in an unshielded environment. A second, more realistic specimen was therefore tested -the aluminum plate shown in Figure 5 .
With the SQUIDs stationary and a specimen-to-sensor stand-off of 26.35 mm, an ac signal of 34.9 mA rms at 570 Hz was passed through a double-D induction coil situated on the tail of the cryostat [6] . With the aluminum plate stationary, a 43.9 mA rms signal at 770 Hz was applied to the induction coil. The specimen-to-sensor stand-offwas 26.65 mm and the scanning speedwas reduced from 10 mm s-1 to 3 mm s-1 as before. Although the ac signal and stand-off were different, the results in Figure 5 show that the artificial flaws were easily detectable in both cases, and have responses which follow the form predicted theoretically for the double-D induction coil [ 13] , comprising an initial small trough, a !arge peak and a further small trough. Again there was no discernible increase in noise Ievel when the SQUIDs were moved.
CONCLUSIONS AND FUTURE WORK
We have reported the use of both LTS and HTS SQUID devices for the detection of flaws in magnetically and electrically unshielded environments, demonstrating continued progress towards practical systems.
Integrated devices, which can be fabricated routinely only using LTS technology at present, have intrinsic advantages in terms of simplified electronics and better balance in gradiometric form. Clearly some problems remain, particularly the sensitivity of the SQUID to RF interference and the need for LHe rather than LN 2 . The former should be overcome by revision of the design of the SQUID and electronics, and the Iatter may be tackled either by continuing development of HTS technology for routine fabrication of integrated devices or by better engineering of LHe cryogenic technology. This will allow further research into the use of devices with spatially asymmetric responses for flaw detection at different depths.
The movement of HTS SQUIDs in environmental fields is another step towards more realistic applications. Again, there remain some unsolved problems; in particular SQUID design changes may again be required to allow movement in three dimensions. However, the capabilities of even the existing system are still being explored, for example through the inspection of multilayer specimens with flaws emanating from the sites of fasteners [ 14] and efforts are continuing to develop simulation and inverse processing algorithms to increase the understanding of existing and future systems, to incorporate more complex specimens, and to assist in the interpretation of results.
